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Nanoporous  copper  (NPC),  as  a  new  kind  of  porous  metal  prepared  by  dealloying,  is  introduced  into  the 
lithium-ion  battery  as  both  the  current  collector  and  substrate  of  active  material.  The  nanoporous  copper 
has  three-dimensional  structure  composed  of  large  channels  (hundreds  of  nanometers)  and  small  pores 
(tens  of  nanometers)  on  the  channel  walls.  Anodes  were  prepared  by  electroless  depositing  of  a  thin 
layer  of  tin  on  NPC  and  copper  foil.  By  comparing  the  electrochemical  performance  of  both  electrodes, 
the  nanostructured  electrode  exhibits  much  higher  areal  capacity  and  better  Coulombic  efficiency  than 
planar  electrode. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  the  increase  of  demand  for  advanced  electrical  vehicles  and 
mobile  electronic  device  power  back-ups,  lithium-ion  batteries  are 
challenged  to  explore  electrodes  with  higher  energy  density.  Metal 
based  anodes,  like  Sn,  Sb  and  Si,  have  attracted  much  attention 
because  of  their  higher  specific  capacities  than  graphite  electrodes 
[1,2].  However,  such  materials  are  known  to  suffer  from  dramatic 
volume  expansion  during  lithiation  process  which  leads  to  pul¬ 
verization  and  poor  cycle  life  [3-5].  Possible  solutions  include 
using  active/inactive  composite  as  strain  buffer  [6-8],  adopting 
three-dimensional  current  collector  [9,10]  and  reducing  the  size 
of  active  material  to  nano-scale  [11-13].  Nanostructured  mate¬ 
rial  have  unique  advantages  in  mass  transport  which  leads  to  easy 
diffusion  of  electron  and  lithium-ion,  higher  electrode/electrolyte 
interfacial  contact  area  and  better  accommodation  of  structural 
strain  during  lithiation/delithiation  reactions  [14].  Simon  and  his 
co-workers  reported  a  nano-architectured  electrode  obtained  by 
depositing  pure  tin  on  copper  nanopillars  [15]  and  it  exhibits  good 
cycle  performance. 

Recently,  nanoporous  metal  (NPM)  prepared  by  dealloying  is 
a  research  field  drawing  increasing  attention  for  its  potentials  to 
be  employed  in  many  technological  applications,  such  as  catalysis, 
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sensors,  actuators,  fuel  cells  and  so  forth  [16-19].  Dealloying  is  a 
corrosion  process  during  which  the  less  noble  element  is  selectively 
dissolved  from  the  alloy  and  forms  a  homogeneous  porous  struc¬ 
ture  [20].  Starting  from  Ag-Au  alloy,  various  alloy  systems  have 
been  utilized  to  study  the  nanoporosity  evolution  upon  dealloy¬ 
ing  [20-22].  Nanoporous  gold  (NPG)  with  bimodal  channel  size 
distributions  was  synthesized  by  dealloying  Al-Au  alloy,  which 
was  composed  of  large-sized  channels  with  highly  porous  chan¬ 
nel  walls  [23].  Though  nanoporous  metals  have  previously  shown 
many  achievements,  they  have  not  been  introduced  into  lithium- 
ion  batteries. 

In  this  article,  we  propose  a  strategy  to  prepare  a  three- 
dimensional  (3D)  porous  anode  for  lithium-ion  batteries  by  coating 
a  thin  layer  of  tin  on  nanoporous  copper  (NPC).  The  NPC  is  fabri¬ 
cated  by  a  simple  one-step  dealloying  of  Al-Cu  alloy  and  composed 
of  large-sized  channels  and  small  pores  on  the  channel  walls. 
The  obtained  tin-coated  NPC  (Sn  @  NPC),  as  an  active/inactive 
composite,  could  take  advantage  of  the  nanoporous  structure 
for  better  mass  transport  and  accommodation  of  the  mechanical 
strains  occurring  during  cycling.  This  nano-architectured  electrode 
is  meaningful  in  the  design  of  new  lithium-ion  battery  technologies, 
especially  for  3D  nanobatteries. 

2.  Experimental 

The  precursor  Al-Cu  alloy  was  prepared  by  melting  pure  cop¬ 
per  (99.99  wt%)  and  pure  aluminum  (99.9  wt%)  in  quartz  crucibles 
by  voltaic  arc  heating  in  the  designed  proportion,  namely  A1 
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Table  1 

Composition  of  the  electroless  plating  bath. 


Components 

Concentration 

SnS04 

0.3  M 

NaOH 

2.8  M 

NaH2P04 

0.9  M 

Sodium  citrate 

0.6  M 

25at%  Cu  with  the  protection  of  argon  atmosphere.  Since  the 
alloy  ingots  were  slowly  cooled  down  in  the  crucibles,  the  pro¬ 
cess  could  be  considered  as  equilibrium  solidification.  The  Al-Cu 
ingots  were  then  processed  into  slices  by  wire-cutting  EDM  with 
the  thickness  of  about  200  p.m.  Prior  to  further  treatment,  the 
slices  were  washed  and  polished  to  remove  oil  and  molybdenum 
oxides  formed  on  the  surface  during  processing.  The  dealloying 
of  Al-Cu  alloy  was  performed  in  1  M  aqueous  NaOH  solution  at 
room  temperature  until  no  obvious  air  bubbles  came  out.  The  sam¬ 
ples  were  then  rinsed  with  distilled  water  and  dehydrated  alcohol. 
After  dried  in  a  vacuum  oven,  a  slice  of  nanoporous  copper  was 
obtained. 

To  prepare  tin-coated  NPC  (Sn  @  NPC),  electroless  plating  of 
tin  was  conducted  in  a  bath  composed  of  SnS04,  NaOH,  NaH2P02 
and  sodium  citrate  as  listed  in  Table  1.  Typical  depositions  were 
carried  out  at  80  °C  for  15  min.  When  preparing  anode  for  Li-ion 
battery,  a  copper  adhesive  tape  was  used  as  a  base  to  support 
Sn  @  NPC  slice  in  case  that  the  slice  would  crack  during  the 
cell-assembling.  In  order  to  understand  the  effect  of  NPC  sub¬ 
strate  on  cell  performance,  a  tin-coated  planar  copper  foil  (Sn 
@  CF)  was  fabricated  in  the  same  plating  bath  for  5  min  to  pre¬ 
pare  a  tin-coating  with  similar  thickness.  The  testing  half-cells 
of  both  kinds  of  electrodes  were  assembled  in  an  Ar  filled  glove 
box  (MB-10-G  with  TP170b/mono,  MBRAUN)  with  a  lithium  sheet 
as  a  counter  and  reference  electrode.  Electrolyte  was  1  M  LiPF6 
in  a  mixed  solution  of  EC  and  DEC  (1:1  in  volume  ratio).  Each 
cell  was  aged  for  20  h  at  room  temperature  before  commenc¬ 
ing  the  electrochemical  tests.  The  galvanostatic  measurements 
were  carried  out  in  a  battery  test  system  (NEWARE  BTS-610, 
Newware  Technology  Co.,  Ltd.,  China).  We  choose  to  report  the 
capacitance  of  these  electrodes  in  mAh  cm-2,  area  being  foot¬ 
print  area  of  the  electrode.  The  electrochemical  performance  of 
Sn  @  NPC  is  presented  in  comparison  with  planar  Sn  @  CF  elec¬ 
trode. 

Structural  characterization  and  analysis  of  the  Al-Cu  alloys, 
as-dealloyed  NPC  and  tin-coated  samples  were  made  using  X- 
ray  diffraction  (XRD,  Rigaku  D/Max-2400)  with  Cu  Ka  radiation, 
scanning  electron  microscopy  (SEM,  Hitachi  S-4800)  with  an 
energy  dispersive  X-ray  analyzer  (EDS),  and  transmission  electron 
microscopy  (TEM,  JEOL  JEM  21  OOF).  The  cross-section  of  Sn  @  CF 
was  polished  by  JEOL  IB-0901  OCP  for  SEM  observation. 


3.  Results  and  discussion 

Fig.  1  shows  the  XRD  results  of  the  precursor  Al-Cu  alloy  and 
dealloyed  NPC  sample.  As  displayed  in  Fig.  la,  the  Al-Cu  alloy  is 
composed  of  Al  and  CuA12  phases.  According  to  Al-Cu  phase  dia¬ 
gram  [24],  A175Cu25  alloy  lies  between  the  eutectic  composition 
and  intermetallic  CuA12  composition.  Based  on  the  theories  of  equi¬ 
librium  solidification,  some  Al2Cu  islands  would  emerge  first,  and 
then  Al  and  Al2Cu  begin  to  simultaneously  precipitate.  This  could 
be  confirmed  by  the  following  SEM  analysis.  Fig.  lb  is  the  XRD  pat¬ 
tern  of  as-dealloyed  NPC  sample.  Only  copper  is  detected  in  NPC, 
implying  Al  was  completely  dissolved  during  dealloying. 

The  nanoporous  microstructure  of  as-dealloyed  NPC  is  exhibited 
in  Fig.  2.  Two  regions  with  different  morphologies  are  observable 
in  Fig.  2a.  One  is  featured  with  periodic  structure  of  alternating 
channels  and  walls  in  the  scale  of  hundreds  of  nanometers.  Among 
them  is  some  island-like  structure  in  elliptical  shape.  This  special 
morphology  is  originated  from  the  phase  structure  of  precursor 
alloy.  According  to  the  solidification  process  of  Al-Cu  alloy,  the 
CuA12  crystallize  to  islands  first  from  the  melt,  and  then  Al  and 
CuA12  began  to  precipitate  together  at  the  eutectic  point  which 
forms  lamella  structure.  The  resulting  lamella  structure  is  com¬ 
posed  of  alternating  pure  Al  and  CuA12  layers.  During  dealloying, 
the  lamellae  of  Al  were  selectively  dissolved  since  Al  is  a  more 
active  element  than  Cu  and  channels  were  left  in  the  resulting 
structure.  Furthermore,  the  aluminum  element  in  the  CuA12  was 
also  dissolved,  leaving  voids  in  the  channel  walls  and  islands.  In 
the  magnified  image,  Fig.  2b  displays  that  the  channel  walls  consist 
of  open,  three-dimensional  (3D)  nanoporous  structure  with  pores 
and  ligaments  of  10-50  nm  width.  The  insert  in  Fig.  2b  is  a  magni- 


Fig.  2.  SEM  micrographs  of  the  NPC  dealloyed  from  Al-Cu  alloy,  (a)  Low-magnified  image  of  the  overall  morphology,  consisting  of  lamella  and  island-like  structure,  (b) 
magnified  image  of  the  lamella  structure,  the  insert  in  (b)  is  a  magnified  image  of  island-like  structure. 
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Fig.  3.  (a)  SEM  images  of  the  surface  morphology  of  as-prepared  Sn  @  NPC.  (b)  EDS  analysis  results  of  the  surface  of  Sn  @  NPC.  (c)  TEM  image  of  Sn  @  NPC.  By  calculating  the 
lattice  fringe  spacing,  tin  and  copper  lattice  are  distinguished  and  their  interface  is  marked  by  white  dashed  line,  (d)  A  typical  TEM  image  of  a  tin-covered  Cu  ligament  in  Sn 
@  NPC. 


fied  image  of  the  island-like  region  that  shows  a  similar  nanoporous 
structure  with  the  channel  walls.  This  uniformly  nanoporous  struc¬ 
ture  is  consistent  with  the  reported  nanoporous  gold  [20,25].  It  has 
been  reported  to  prepare  nanoporous  metals  with  multimodal  pore 
size  distribution  [26],  but  its  method  including  annealing  and  re¬ 
dealloying  is  rather  complicated.  Here,  through  a  simple  one-step 
dealloying  method,  a  nanoporous  structure  with  bimodal  pore  size 
distributions  is  obtained:  the  large-sized  channels  are  hundreds  of 
nanometers  in  width,  while  the  small-sized  pores  on  both  channel 
walls  and  islands  are  tens  of  nanometers. 

The  Sn  @  NPC  as  shown  in  Fig.  3a  was  obtained  by  electro¬ 
less  plating  of  Sn  on  the  NPC.  No  obvious  morphology  changes  are 
observed  on  the  surface  comparing  with  NPC.  However,  EDS  analy¬ 
sis  (Fig.  3b)  indicates  tin  has  been  coated  on  NPC.  TEM  observation 
reveals  that  a  thin  layer  of  tin  deposited  on  NPC  as  displayed  in 
Fig.  3c.  Two  sets  of  lattice  fringes  with  different  fringe  spacing  can 
be  distinguished  by  the  white  dashed  line.  The  fringe  space  of  lat¬ 
tice  in  the  right  part  is  2.09  A,  in  agreement  with  fee  Cu  ( 1 1 1 ),  while 
the  fringe  space  in  the  left  part  is  2.92  A,  in  accordance  with  tetrag¬ 
onal  |3-Sn  (200).  Fig.  3d  is  a  typical  micrograph  of  a  ligament  in  the 
nanoporous  structure  of  Sn  @  NPC.  It  could  be  clearly  identified  that 
a  layer  of  tin  exists  on  the  surface  of  the  copper  ligament  with  the 
thickness  of  only  3  nm.  This  indicates  that  the  Tin  has  been  thor¬ 
oughly  and  evenly  deposited  into  the  inner  side  of  NPC.  Compared 
with  the  reported  Au  @  NPC  [19]  in  which  the  gold  thin  films  grow 
epitaxially  on  the  copper  ligament  substrate,  the  tin  film  did  not 
show  a  coherent  orientation  from  the  NPC  ligament.  This  is  proba¬ 
bly  because  the  significant  differences  of  tin  and  copper  in  crystal 
system  and  cell  parameters. 

Planar  copper  foils  were  also  plated  with  tin  (Sn  @  CF)  in  the 
same  method  in  order  to  contrast  with  Sn  @  NPC.  Fig.  4d  exhibits 
an  SEM  image  of  the  cross  section  of  obtained  Sn  @  CF  that  was 
plated  for  5  min.  The  bright  layer  on  the  top  is  a  tin  layer  with  a 


thickness  about  30  nm  which  is  thicker  than  that  on  NPC.  However, 
this  is  a  comparatively  thin  film  as  produced  by  electroless  plating 
on  planar  foil.  Besides,  the  tin  layer  is  compact  and  has  good  contact 
with  copper  substrate  since  no  lamination  is  observed  around  the 
interface.  Therefore,  this  Sn  @  CF  could  be  used  as  a  reference  to 
evaluate  the  performance  of  Sn  @  NPC. 

Fig.  4a  and  c  show  charge-discharge  curves  of  the  1st,  2nd,  10th 
cycle  of  Sn  @  NPC  and  Sn  @  CF  electrodes  that  tested  at  a  current 
density  of  150mAg_1  between  1.5  V  and  0.01  V.  According  to  the 
first  discharge  of  Sn  @  NPC  electrode  as  well  as  its  differential  curve 
displayed  in  Fig.  4b,  two  plateaus  around  0.2  and  0.5  V  can  be  clearly 
identified,  which  are  ascribed  to  lithium  insertion  into  different 
LixSn  phases  [3,27].  An  irreversible  plateau  above  1 .0  V,  correspond¬ 
ing  to  the  vague  1.2  V  peak  in  Fig.  4b,  is  assigned  to  the  formation 
of  a  solid  electrolyte  interphase  (SEI)  layer  due  to  decomposition 
of  electrolyte  on  the  Sn  surface  [28,29].  During  charge,  Sn  @  NPC 
shows  a  slope  ranging  from  0.5  to  0.8  V,  corresponding  to  reversible 
delithiation  from  Li-Sn  alloy.  In  addition,  a  slope  appears  at  around 
1.3  V  which  is  most  likely  to  be  caused  by  the  partially  reversible 
reaction  of  SnO*  to  get  reoxidized.  Generally,  Sn02  is  reduced  to  tin 
and  forms  lithium  oxide  at  0.7-0.9  V  in  the  first  discharge  and  this 
process  could  be  partially  reversible  in  the  charge  which  exhibits 
a  broad  but  weak  peak  at  around  1.3  V  [30,31  ].  In  the  case  of  Sn  @ 
NPC,  a  small  amount  of  tin  oxide  is  possibly  formed  on  the  surface. 
During  the  discharge,  the  plateau  of  tin  oxide’s  reduction  cannot  be 
identified  since  it  merged  with  the  plateau  of  electrolyte  decom¬ 
position  and  SEI  formation.  Nevertheless,  a  slope  at  around  1.3  V 
emerged  in  the  charge  process. 

The  first  discharge  curve  of  Sn  @  CF  electrode  also  exhibits 
reversible  plateaus  at  0.2  and  0.5  V.  However,  a  hump  causing  irre¬ 
versible  capacity  appeared  at  around  1 .5  V.  It  has  been  reported  that 
such  high-voltage  irreversible  capacity  is  associated  with  the  cat¬ 
alytic  decomposition  of  the  electrolyte  by  the  tin  surface  [29,32]. 
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Fig.  4.  (a  and  c)  Charge-discharge  curves  of  Sn  @  NPC  and  Sn  @  CF  electrodes  in  the  1st,  2nd  and  10th  cycles  at  a  current  density  of  150  mAg-1  between  0.01  and  1.5  V.  (b) 
Differential  curve  of  the  1st  discharge  of  Sn  @  NPC.  (d)  SEM  image  of  the  cross  section  of  Sn  @  CF. 


Fig.  5.  Cycle  performances  of  Sn  @  NPC  and  Sn  @  CF  electrodes. 


The  decomposed  electrolyte  will  form  a  layer  on  the  tin  that  hin¬ 
ders  the  transport  of  Li  ions  and  causes  capacity  fading.  As  a  result, 
the  following  charge  and  discharge  capacity  is  less  than  18.6%  of 
the  first  discharge  capacity. 

The  first  discharge  capacity  of  Sn  @  NPC  is  4.05  mA  h  cm-2,  while 
the  second  is  1 .8 1  mA  h  cm-2  and  the  tenth  is  1 .03  mA  h  cm-2  which 
are  44.7%  and  25.4%  of  the  initial  capacity,  respectively.  The  Sn  @  CF 
has  only  a  capacity  of  0.188  mAh  cm-2  in  the  first  discharge,  about 
1  /20  of  that  of  Sn  @  NPC.  The  capacity  of  Sn  @  CF  in  the  following 
cycles  is  even  less.  Therefore,  Sn  @  NPC  electrode  has  much  higher 
capacity  and  better  capacity  retention  over  Sn  @  CF. 

Generally,  the  voltage  profiles  of  Sn  @  NPC  and  Sn  @  CF  are  com¬ 
paratively  smooth  without  sharp  plateaus.  This  may  be  caused  by 
the  nano-scaled  tin  film  that  lead  to  the  decrease  of  crystal  size  and 
partial  crystallization.  Similar  phenomena  were  observed  in  other 
works  [15,33]. 

Fig.  5  shows  the  cycle  performance  of  Sn  @  NPC  and  Sn  @  CF  elec¬ 
trodes.  The  improved  cycle  performance  is  exhibited  in  both  higher 
capacity  and  better  Coulombic  efficiency.  The  charge  capacity  of  Sn 
@  NPC  in  the  first  cycle  is  1 .68  mAh  cm-2,  which  is  20  times  higher 
than  that  of  Sn  @  CF,  and  this  ratio  rises  up  to  90  at  the  50th  cycle, 


higher  than  the  reported  nano-architectured  electrodes  [15].  The 
reversible  capacity  retention  of  Sn  @  NPC  remains  58.5%  after  10 
cycles  and  45.2%  after  20  cycles.  Except  for  the  first  several  cycles, 
its  Coulombic  efficiency  maintains  above  95%.  In  comparison,  the 
reversible  capacity  retentions  of  Sn  @  CF  after  10  cycles  and  after 
20  cycles  are  34.8%  and  24.3%,  respectively.  Its  Coulombic  efficiency 
only  fluctuates  around  80%. 

The  good  performance  further  demonstrates  the  merits  of  the 
special  3D  nanostructured  electrode  developed  from  dealloying 
which  contains  both  large  channels  and  small  pores.  On  one  hand, 
the  channels  of  hundreds  of  nanometers  width  could  facilitate 
the  solvent  diffusion  and  mass  transportation.  The  existence  of 
large-scaled  and  uniformly  distributed  channels  increases  effective 
surface  area  of  electrode  by  connecting  more  small  pores  on  the 
channel  walls  with  electrolyte.  On  the  other  hand,  the  small  pores 
of  tens  of  nanometers  on  the  channel  walls  also  contribute  greatly 
by  enlarging  the  surface  area  and  accommodating  more  tin  with 
less  thickness.  The  large  specific  surface  area  enables  higher  active 
area  during  reaction  and  brings  better  capacity.  The  small  thickness 
of  tin  relieves  the  mechanical  stress  associated  with  huge  volume 
expansion  during  cycling.  The  nanopores  could  hold  tin  particles  in 
case  of  delaminating  from  current  collector  even  when  cracks  and 
pulverization  occurred. 

It  needs  to  be  point  out  that  the  conditions  of  electroless  depo¬ 
sition  of  tin  were  not  optimized  in  this  work.  The  performance  of 
Sn  @  NPC  could  be  further  improved  by  developing  the  strategy 
of  coating  active  material  which  will  be  one  of  our  focuses  in  the 
future  work. 

4.  Conclusions 

The  application  of  tin-coated  nanoporous  copper  prepared  by 
dealloying  and  electroless  deposition  in  the  lithium-ion  battery 
demonstrates  that  three  dimensional  nanoporous  electrode  with 
large  channels  can  be  a  promising  strategy  to  prepare  high  perfor¬ 
mance  anode  material.  The  NPC  with  large  surface  area  could  work 
as  both  the  current  collector  and  substrate  for  the  electrode.  By 
comparing  the  voltage  profiles  and  cycle  performances  with  planar 
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Sn  @  CF  electrode,  Sn  @  NPC  electrodes  exhibit  much  higher  capac¬ 
ity  and  better  Coulombic  efficiency.  Special  nanoporous  structure 
with  bimodal  pore  size  distributions,  i.e.  large  channels  and  small 
pores,  give  rise  to  the  good  performance. 
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